INTRODUCTION
Public representation of hydrogen technologies is still affected by the 1937 Hindenburg disaster (Figure 1 ). The catastrophe is often associated with hydrogen being the reason.
There is a clear understanding by all stakeholders of the hydrogen safety role for emerging hydrogen fuel cell technologies and infrastructure. Probably the first comparison of the "severity" of hydrogen and gasoline fuel leak and ignition was performed by Swain M.R. (2001) .
Another example of hydrogen safety tests is Takamura experiments. Hydrogen safety investigations are supported by investment up to about 5-10% of the total funding of hydrogen and fuel cell programs both in the USA and Europe. Hydrogen safety studies were initiated decades ago as a result of accidents in process industries, and were supported by safety research for nuclear power plants and aerospace industry. For example, a study of the Three Mile Island nuclear plant (USA) accident in 1979 (Henrie J.O. (1983) ) demonstrated that at almost 8% of volumetric concentration of hydrogen in air mixture deflagrated. Fortunately, the initial deflagration pressure is estimated Copyright © 2014-2015 by JSME (2011)) demonstrated that our knowledge and engineering skills to deal safely with hydrogen even within the nuclear industry requires more investment, from both intellectual and financial perspective.
Most accidents involving hydrogen would start from a leak and its dispersion in the air and, if ignited, could be followed by fire or deflagration with thermal and/or pressure effects that could be damaging to life and property. Indoor release and dispersion are potentially the worst case scenario due to the effect of enclosure confinement on combustion. Hydrogen safety engineering (Molkov V. (2012) ) requires a ventilation system to keep concentration of hydrogen below the lower flammability limit to exclude a possibility of ignition and flame propagation. Hydrogen can be dispersed in one vent enclosure with uniform or non-uniform concentration distribution over the enclosure height depending on conditions of the release, such as mass flow rate, leak diameter, direction, and the enclosure parameters, such as volume and vent sizes.
Today, a number of projects are carried out on the problem of hydrogen safety, which are devoted to modeling of various phenomena occurring during severe accidents at nuclear power plants with damaged fuel rods and accumulation of steam-hydrogen mixture in the containment (leakage and distribution of steam-hydrogen mixture, condensation on the walls of the containment, droplet dispersion, hydrogen combustion in the afterburner, etc.). There are some projects focused on the CFD codes validation for hydrogen dispersion in enclosures:
 OECD/NEA-PSI CFD BENCHMARK (based on PANDA facility experiment);  HyIndoor project (based on the CEA experimental data);  Gamelan project (based on the CEA experimental data);  OECD/NEA Hyimeris project;  SUSANA hydrogen safety project (EC Funded Framework of 7 projects which brings together researchers and industry participants working towards improving the quality of CFD modeling applied to hydrogen safety applications);  etc. The last observation underlines the importance of CFD tools for use in hydrogen safety engineering, as simple engineering tools are not yet thoroughly developed, e.g. due to the complexity of the problem and of the validation, in particular due to the absence of experimental data in a wider range of parameters and processes. This paper presents some OKB "GIDROPRESS" results for several validation tests. Those tests are focused on such phenomena as leakage and desperation of hydrogen in the enclosures (Gamelan project) and erosion of stratified helium layer (OECD/NEA-PSI CFD benchmark).
LEAKAGE AND DESPERSION MODELS VALIDATION TESTS (GAMELAN PROJECT) 2.1 Overview of experimental data
The predictive capability of various CFD models to reproduce transient and steady state gas concentrations in an enclosure with one vent with sustained release is still questionable and should be clarified through a comparison of simulations with available experimental data. Numerical and physical requirements to predictive simulations should be formulated to improve credibility of CFD tools application in hydrogen safety engineering.
For validation of models, which describe such processes as leakage and dispersion of hydrogen, experimental data obtained by Cariteau and Tkatschenko (2011) of CEA were used. Number of tests on helium release and dispersion in one vent enclosure with different conditions of release and ventilation were performed. In the experiments helium was taken instead of hydrogen for safety reasons in the framework of the experiments. Generally speaking releases could be in a form of expanded and under-expanded jets. Those experiments were performed with expanded jets/plumes (the term "jet" is usually applied to the momentum-dominated flow regime and "plume" to the buoyancy-controlled one). Flow regime studies include laminar to turbulent flows at helium outlet from the injection pipe.
Validation experiments were carried out by Cariteau and Tkatschenko (2011) Both vent (A) and vent (B) were located at the top center of one wall with upper edge of 0.02 m beneath the celling. Vent (C) was located 0.01 m above the floor in the center of the wall. All vents were located in the wall opposite that where sensors are located. The release of helium was directed vertically upward from a pipe with an internal diameter of either d=0.005 m or d=0.02 m located H=0.21 m above the center of the floor. Helium concentrations were measured by ten sensors located along two vertical racks as shown in Figure 2 . Table 1 gives details of four representative experiments selected for validation of simulations in this parametric study. The experiments include different combinations of a vent size, the release flow rate and the pipe diameter. Experiments with both quasi-uniform and strongly Copyright © 2014-2015 by JSME pronounced non-uniform distribution of helium concentration along the height of the enclosure at the steady-state conditions were chosen for the validation purposes. flow rate of the sum of surrounding gas entrained into the jet and the release gas itself at distance x from the nozzle, and mix m is the mass flow rate of a gas-air mixture thorough the vent out of the enclosure that is equal at the steady-state conditions. The higher the ratio of these two mass flow rates the mixture is more uniform at the steady state condition.
Reynolds numbers in Table 1 show that flow existing in the pipe for experiments E4 is in the transitional regime, in experiment E5 the jet is in the turbulent flow regime and in the rest of tests jets are in the laminar flow regime. Froude numbers indicate that only two experiments, i.e. E5 and E3 are in the momentum-controlled regime, and other experiments are in the buoyancy-dominated regime of the release (Molkov (2012) ). The mixture uniformity criterion for these two experiments (E5) are quite different. In experiment E5 the criterion is UC = 108, i.e. far above the critical value 4, separating uniform and non-uniform mixtures. This indicates the uniformity of the mixture in the vented enclosure in E5. In E3 the criterion is equal to UC =1.44, i.e. below the critical value of 4, and thus the mixture is non-uniform as indeed observed in the experiment. Similarly, one can conclude based on the UC values that concentration in experiment E1 should be uniform at the steady-state conditions. Unfortunately, the duration of E1 was limited to 1275 s and the steady-state conditions were not reached. The smallest non-uniformity is observed in test E4 with UC = 3.61.
Computation domain
Computational domain is shown in Figure 3 . Block-structured hexahedral (Figure 4 ,a) and polyhedral ( Figure 4 ,b) computational grids with prism layers were generated. All computational domains include both the enclosure and a part of surrounding space to avoid boundary conditions being imposed directly at a vent. The total size of implemented computational grids is within the range of 0.462 -3.7 million c.v. for block-structured hexahedral grids and within the range of 0.360 ─ 23 million c.v. for polyhedral grids. Mesh size for each test, described in Table  2 , has been estimated according to result of the sensitivity analysis (for LES) and grid convergence studies (for U-RANS). Due to limitations in total size of article these studies weren't presented. 
Initial and boundary conditions
The temperature of released helium and air temperature in the domain were set to values specified in Table 1 . Non-slip boundary conditions were applied to all solid surfaces (Г 4 ). Release was initiated through the velocity inlet boundary condition (Г 1 ) with 100% of helium and constant velocity calculated according to the data, specified in Table  1 . Air velocity equal to 0.001 m/s was set on the inlet boundary condition (Г 2 ), imitating the ventilation of the room. The velocity on the boundary condition (Г 2 ) allows to decrease the total CPU time. It was estimated on the basis of sensitivity analysis results. Initial inlet turbulence intensity and length scale for inlet boundaries Г 1 and Г 2 were calculated from equations I=0.16Re -1/8 and L=0.07d respectively (values Re and d are given in Table 1 ). Initial velocities V(x,y,z) and helium concentrations C 1 (x,y,z) were set to zero in the whole calculation domain. Initial air concentrations C 2 (x,y,z) were set to 100%. The initial distribution of static pressure corresponding to the state of the undisturbed flow was specified in the computational domain. The pressure outflow condition (Г 3 ) was set at the domain boundaries with the same temperature as in the domain (Table 1 ) and gauge pressure equal to zero.
All boundary conditions are illustrated in Figure 3 , where:
Governing equations
The governing equations for simulation of gas release and dispersion for non-reacting flow applied here for k-w SST turbulence model are as follows (conservation of mass, momentum, energy and species respectively):
Boussinesq approximation is used for buoyancy effects.
Equations (1) and (3) were used only for calculations presented in section 3. All calculations, presented in section 3, were made for isothermal and incompressible flow. Turbulent models used: k-w SST, SAS SST, LES WALE. Governing equations are specific for the selected turbulent models.
Summary of numerical experiments
Parameters of 8 numerical simulations performed in this study are summarized in Table 2 . Each simulation corresponds to a particular experiment. All experiments were simulated more than once to carry out parametric and verification studies. In particular, the effect of the model selection for different Reynolds numbers of helium flow at the pipe exit was investigated. The effect of the model and numerical mesh selection, on the predictive capability of simulations was investigated. Numerical details applied in these incompressible solvers calculations are: pressure-velocity coupling through PISO scheme, the second order scheme for spatial discretization, and the second order implicit scheme (for U-RANS) and central scheme (for LES) for time stepping.
An adaptive time step was used to decrease computational costs (Δt= 1·10 -6 to 2·10 -1 s). In this case the largest CFL max (Courant-Friedrichs-Lewy) number exists in the steady state conditions in the region of buoyant jet. Copyright © 2014-2015 by JSME
Laminar flow release and dispersion (Re=39)
In this section results of simulations by LES WALE model are compared against experiment E1 (Table 1) . Simulation N1 by the LES WALE model results at 1300 s for velocity (Figure 5 ,a) and helium mole fraction ( Figure  5 ,b) distributions are presented in Figure 5 . The experiment was carried out with a laminar release flow of helium (Re=39) with mass flow rate of 1.19·10
-5 kg/s from the pipe with an internal diameter d=0,02 m. The smallest vent (C) of 0.01 m diameter at the bottom of one wall was used to prevent overpressure generation in the enclosure during the release. Both experiment E1 and simulation show continuous increase of helium concentrations at all heights until termination of measurements. According to the theory of passive ventilation, concentrations in experiment E1 should be uniform at the steady-state conditions. Indeed, the steady state conditions with 100% of helium concentration in the enclosure were not reached during the experiment (release was terminated at 1300 s). Figure 6 demonstrates a comparison between measured and simulated concentrations at locations of all 10 sensors at five different times after the start of release: 115, 275, 600, 875 and 1275 s. The LES WALE reproduced the measured transient concentrations with a good agreement for the entire duration of the experiment with exception for the sensors 1 and 2 locations (bottom part).
Laminar flow release and dispersion (Re=387)
In this section results of simulations by LES WALE model are compared against experiment E2 (Table 1) Figure 11 demonstrates a comparison between measured (experiment E4) and simulated (simulations N3-N6) averaged over time concentration at the steady state conditions at locations of all 10 sensors. According to the comparison (Figures 10-11 ) and the analysis of computational results some conclusions could be made for CFD modeling of helium transitional flow release and dispersion (simulations N3-N6):
 average level of errors for transitional release is 15% at the bottom and 6% at the top;
 for correct modeling of turbulent release and dispersion computational costs for calculations using LES WALE model at list by order of magnitude greater than the calculation costs using k-ω SST and SAS SST models;  LES WALE overestimates concentrations at the top part and underestimates concentrations at the bottom part;
 k-w SST is overestimates concentrations at the whole computational domain;
 SAS SST underestimates concentrations in the whole computational domain. 
Turbulent flow release and dispersion (Re=6968)
In this section two models are compared in terms of their capability to reproduce experiment E5 with turbulent flow release (Re=6968) and dispersion in the enclosure (release mass flow rate of 11.9·10
-5 kg/s from the pipe with an internal diameter d=0.005 m). Unfortunately, only data on steady-state concentrations of helium along the height of the enclosure are available for E5. It is assumed based on the analysis of other experiments that the release period of 475 s is sufficient to establish steady-state conditions. Simulation N7 by the LES WALE model results at 475 s for velocity magnitude (Figure 12a ) and helium mole fraction ( Figure  12b ) distributions are presented. Figure 13 shows distribution of helium concentration along the enclosure height at four different moments of time (50, 100, 150 and 475 s) simulated by the LES WALE (N7) and the averaged over time concentration at the steady state conditions in experiment E5. The figure (Figure 14) shows distribution of helium concentration along the enclosure height at four different moments of time (50, 100, 150 and 475 s) simulated by the k-ω SST model (N8) averaged over time concentration at the steady state conditions in experiment E5.
According to the analysis of results (Figures 12─14) some conclusions could be made for CFD modeling of helium turbulent flow release and dispersion:  for steady-state concentrations of helium turbulent release average level of errors is 1-2.5% for LES WALE model and 5-10% for k-w SST model.  for correct modeling of turbulent release and dispersion computational costs for calculations using LES WALE model by order of magnitude greater than the computational costs using k-ω SST model;  both k-ω SST and LES WALE made some underestimates of concentrations through the whole computational domain. 
Conclusions
The parametric study was carried out to formulate numerical and physical requirements from the hydrogen safety engineering point of view for simulations of light gas release and dispersion in an enclosure with one vent. The study included a numerical analysis of 4 tests from a series of experiments with helium release and dispersion within a 1.26*0.93*0.93 m 3 enclosure performed at CEA. In total 8 simulations were presented in the article. All presented experiments were simulated more than once to carry out the parametric study. According to the analysis of the results some conclusions could be made for CFD modeling of helium flow release and dispersion:
 only the LES model was capable to reproduce all four experiments with acceptable accuracy, including laminar, transitional, and turbulent flow releases from a pipe either 0.005 m or 0.02 m diameter. Successful performance of the LES model was predictable to some extent as only this model, out of all applied ones, is able to simulate laminar and turbulent flows in one computational domain simultaneously;  for correct modeling of turbulent release and decreasing computational costs for calculations with implementation of LES WALE model greater than the computational costs using k-ω SST and SAS SST models at Copyright © 2014-2015 by JSME list by order of magnitude ;  computation results for helium flow release and dispersion very sensitive to mesh quality (especially to aspect ratio of cells);  implementation of adaptive time step allows one to significantly decrease CPU cost of calculations.
EROSION OF STRATIFIED HELIUM LAYER VALIDATION TESTS (OECD/NEA-PSI CFD BENCHMARK)
Erosion of stratified helium layer could be considered as opposite phenomena to leakage and desperation of helium in the enclosures. OECD/NEA-PSI CFD benchmark was used for validation of the model of these phenomena.
Overview of experimental data
OECD/NEA-PSI CFD benchmark exercises were conducted with support of OECD/NEA in 2013-2014. This benchmark addresses erosion of a stratified layer by a buoyant jet in a large vessel. The experiment was conducted at the Paul Scherer Institute (PSI) in Switzerland in one of the vessels of PANDA facility (M. Andreani et al. 2014) . The use of non-prototypical fluids (i.e. helium as simulant for hydrogen, and air as simulant for steam), and the consequent absence of the complex physical effects produced by steam condensation enhanced suitability of the data for CFD validation purposes. The test vessel, 8 m in height, is composed of four sections, each of 4 m outer diameter but with varying inner diameters, depending on the local wall thickness. Two cylindrical sections make up the central part, with curved top and bottom caps welded on.
Moreover, a 0.980 m diameter manhole exists at the top of the test vessel (used for access purposes); its presence adds extra 0.464 m to the vessel internal height. All the sections are made from stainless steel (DIN 1.4571). The total enclosed volume within the vessel (including the manhole space) is 90.24 m 3 , and the total internal surface area (including the top and side manhole surfaces) is 108.49 m 2 . A vertical injection line with an internal diameter of d=0.0753 m and wall thickness of 0.0036 m is placed at the horizontal distance of ~0.650 m from the axis of the test vessel. The outlet from the injection line is located ~3 m above the lowest point on the axis of the vessel and is positioned vertically to produce a jet directed upwards. The straight section of the inlet pipe upstream from the outlet orifice is more than 30 diameters in length. In order to keep the pressure constant, the air/helium mixture is vented to the atmosphere via a funnel oriented downwards (Figure 15 ) located just above the base of the vessel (maximum gap ~0.160 m).
The test started with a helium-air layer at the top of the vessel and air in the lower part. A helium-rich layer occupies the region of h > 5 m (Figure 15 ), while the air fills the region below this layer. The molar fraction of helium was zero for h < 5 m, and increased non-linearly with height to around 0.37 of helium molar fraction at elevation of h = 8 m (the true height of the vessel in the absence of the manhole), and above into the manhole space itself. The water vapor concentrations were between 0.7 and 1.5 %, increasing from top to bottom. The initial gas temperatures were between 20.5 and 22.5 o C (the uncertainty being 0.7 o C), with the helium-rich layer being generally cooler than the region below. The wall temperatures were also measured, and were in the range between 21.6 and 23.2 o C. The total volumetric flow rates of helium and air through the injection line were monitored continuously during the test, and remained constant for the test duration. The mass flow rates of air and helium were 21.52·10
-3 kg/s and 0.42·10 -3 kg/s, respectively. The parameters of helium-air mixture in outlet of injection pipe are presented in Table 3 . Copyright © 2014-2015 by JSME
Computation domain and assumptions
The computational domain consists of a tank and its internal volume. The position of sensors, inlet and outlet boundary conditions are presented in Figure 16 .
Main assumptions:  injection line and outlet funnel are simplified;  wires of the measurement system are neglected;  small nozzles inside the tank are neglected;  the vent line is neglected; It was shown in section 2, that the LES model gave probably the best agreement with the experiment and reproduced better hydrogen concentrations distribution in time. But, unfortunately, computational costs for calculations with implementation of LES WALE model is greater than the calculation costs using k-ω SST and SAS SST models at least by order of magnitude. In this case, it is not rational to use LES models for OECD/NEA-PSI CFD benchmark (which computational domain almost 100 times bigger than for GAMELAN project). For transitional flow release (Re≈2312) and dispersion according to results of section 2 it's reasonable to use SAS SST or k-ω SST model. 
Initial and boundary conditions
A constant temperature over the whole domain (solid and fluid) was assumed for initialization. The temperature of initialization is 294.9 K. The molar fraction of Helium was set according to the specification of benchmark exercise (R. Kapulla, 2014) . A static pressure distribution was also set.
Description of numerical experiments
CFD codes CFX and Star-CD were used for calculations. Computations were performed with 80 Xeon 2.6 GHz cores computer cluster. About 146 computing hours were spent to obtain 8000 seconds of solution.
The following simulation setup and assumptions were used in the calculations:
 an adaptive time step was used to maintain constant number of coefficient loops in time step (from 1·10 -6 to 2·10 -1 s);  an adiabatic wall at the outer surface of tank was assumed;  Initial helium distribution is a one-dimensional function of height;  2-nd order spatial and time differencing schemes;  SAS-SST and k-ω SST turbulence models;  inlet: developed profile of velocity and turbulence intensity/dissipation rate;  multicomponent model was used with additional transport equation for Helium mass fraction (section 2.4);  gas properties depend on T, the equation of state was ideal gas;  H 2 O distribution was not taken into account.  a mixture of air and helium was injected into the tank at the start of the experiment, although some delay was Copyright © 2014-2015 by JSME expected in reality.
Turbulent Schmidt and Prandtl numbers for the validation test are Sc t =1.0 and Pr t =0.9. Maximum CFL number went up to 70. Mean value of CFL is 7.4.
Numerical experiments results
This section presents a comparison of OECD/NEA-PSI CFD benchmark experimental data with computational results, obtained by SAS-SST and k-ω SST turbulence models. The simulation carried out by the SAS-SST (CFX 14.5) model results at 30 s for helium mole fraction distributions is presented in Figure 18 . The tank of experimental facility has big heat accumulating ability. In this case almost all energy, entering into the tank with mixture of air and helium, will be spent on tank temperature increasing. It determines uncommon behavior of mixture temperature during the experiment. For correct temperature prediction in PANDA-PSI test the assumption of neglecting of the tank metal is not correct (see Figure 22 , where the assumption of neglecting the tank was used). Such assumption leads to errors not only in the quantitative evaluation but even in the qualitative evaluation.
Copyright © 2014-2015 by JSME The results clearly show that CFD codes are applicable to hydrogen safety issues in cases where erosion of stratified layer by a buoyant jet is involved.
